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HIGHLIGHTS 


►  New  ether-functionalized  pyrazolium  ILs  are  reported. 

►  They  have  low-viscosity  and  low-melting  point  characteristics. 

►  Li/LiFeP04  cells  using  these  IL  electrolytes  have  good  electrochemical  performance. 
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Four  new  functionalized  ILs  based  on  pyrazolium  cations  and  bis(trifluoromethylsulfonyl)imide  anions 
(TFSr)  are  synthesized  and  characterized.  These  ILs  show  low-melting  point  and  low-viscosity  charac¬ 
teristics,  and  the  viscosity  of  OEPZ-TFSI  is  41.2  mPa  s  at  25  °C.  These  IL  electrolytes  with  0.4  mol  kg  1  LiTFSI 
have  good  chemical  stability  against  lithium  metal.  Li /Li Fe04  cells  using  these  IL  electrolytes  without 
additives  own  good  electrochemical  performance,  and  the  cells  using  OMPZ-TFSI  and  OEPZ-TFSI  elec¬ 
trolytes  own  better  rate  property. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

During  the  past  decade,  ionic  liquids  (ILs)  have  attracted  great 
interests  of  researchers  due  to  their  superior  properties,  including 
negligible  volatility,  nonflammability,  high  chemical  and  thermal 
stability,  high  ionic  conductivity  and  electrochemical  stability  [1,2], 
Due  to  these  properties,  ILs  have  been  looked  on  as  safe  electrolytes 
for  high  energy  density  lithium  battery,  which  uses  lithium  metal 
anode  with  high  theoretical  capacity  of  3860  mAh  g_1  [3,4],  Imida- 
zolium  ILs,  quaternary  ammonium  ILs,  piperidinium  ILs  and  pyrro- 
lidinium  ILs  have  been  investigated  intensively  as  new  electrolytes 
for  lithium  battery  [5—8]. 

Currently,  functionalized  IL  is  a  very  noticeable  topic  in  the  field 
of  IL  research.  Introducing  different  functional  groups  into  cations, 
can  markedly  change  the  physicochemical  properties  of  ILs,  and  it 
also  affords  more  choices  for  applications  of  ILs  [6],  Compared  with 
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other  functional  groups,  ether  group  can  reduce  the  viscosities  and 
melting  points  of  ILs  without  resulting  in  obvious  degradation  of 
electrochemical  stability  of  ILs,  and  some  ILs  with  one  ether  group 
have  been  used  successfully  as  electrolytes  in  lithium  battery  [7-9], 
Pyrazolium  cation  has  the  similar  C-N  Heterocyclic  structure  with 
imidazolium  cation  except  the  positions  of  the  two  N  atoms.  However, 
researches  involving  pyrazolium  ILs  are  quite  rare  by  contrast  with 
imidazolium  ILs.  Some  pyrazolium  ILs  without  ether  group  have 
been  investigated  as  electrolytes  [10-13],  catalysts  for  organic 
synthesis  [14]  and  antibacterial  cationic  surfactants  [15].  Recently, 
our  group  have  reported  two  ether-functionalized  pyrazolium 
ILs  with  four  substituent  groups  in  the  cyclic  structure  of  cation  (1- 
(2-methoxyethyl)-2,3,5-Trimethylpyrazolium  TFS1  (2olMPZ— TFSI) 
and  l-(2-methoxyethyl)-2-ethyl-3,5-Dimethylpyrazolium  TFSI 
(2olEPZ— TFSI))  as  new  electrolytes  for  lithium  battery  [16],  Though 
the  two  ILs  show  low  melting  point,  their  viscosities  are  nonideal. 
Decreasing  the  number  of  substituent  group  in  the  cyclic  structure  of 
cation  might  reduce  the  viscosity,  such  as  imidazolium  ILs  [5,17],  In 
order  to  find  low-viscosity  ILs,  in  this  work  we  continued  to  synthe¬ 
size  four  new  ether-functionalized  ILs  with  two  or  three  substituent 
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Fig.  1.  Structures  of  cations  and  anion  of  the  four  functionalized  ILs. 

groups  in  the  cyclic  structure  of  pyrazolium  cation,  and  the  structures 
of  these  ILs  were  shown  in  Fig.  1.  We  investigated  their  physico¬ 
chemical  and  electrochemical  properties,  and  found  that  the  four  new 
ILs  had  lower  viscosity  than  the  two  ether-functionalized  ILs  with  four 
substituent  groups  in  the  cyclic  structure  of  pyrazolium  cation  [16], 
These  IL  electrolytes  with  0.4  mol  kg-1  LiTFSI  showed  good  chemical 
stability  against  lithium  metal.  Li/LiFe04  cells  using  these  IL  electro¬ 
lytes  without  additives  owned  good  capacity  and  cycle  property  at  the 
current  rate  of  0.1  C,  and  the  cells  using  OMPZ-TFSI  and  OEPZ-TFSI 
electrolytes  owned  better  rate  property. 

2.  Experimental 

2.1.  Reagents  and  materials 

Commercially  available  reagents  were  purchased  from  Sino- 
pharm  Chemical  Reagent  Corporation  Ltd.,  or  Alfa  Aesar,  and  used 
as  received.  Lithium  bis(trifluoromethylsulfonyl)  imide  (LiTFSI)  was 
kindly  provided  by  Morita  Chemical  Industries  Corporation  Ltd,  and 
these  reagents  were  all  analytical  grade. 

2.2.  Synthesis  and  characterization  of  the  ILs 

2.2.1.  l-(2-Methoxyethyl)  pyrazole  (OPZ) 

Pyrazole  (0.15  mol),  finely  ground  potassium  hydroxide  (0.3  mol) 
and  TBAB  (Tetrabutylammonium  bromide,  0.0075  mol)  were  soni¬ 
cated  with  an  ultrasound  bath  for  15  min  in  a  250  ml  flask  [  18  ].  The  1  - 
Bromo-2-methoxyethane  (0.15  mol)  was  added  at  once  in  an  ice  bath 
and  the  reaction  was  stirred  at  the  temperature  for  24  h,  then  the 
product  was  washed  with  diethyl  ether.  The  filtrate  was  distilled  in 
a  rotary  evaporator  at  60  °  C  and  then  distilled  under  reduced  pressure 
using  a  25  cm  vigreux  column.  The  product  was  collected  at 
49  °C-50  °C  (boiling  point)  when  the  pressure  was  about  3  Pa. 
Colorless  liquid;  'H  NMR:  8  (ppm)  7.502-7.498  (d,  1H),  7.453-7.447 
(d,  1H),  6.231-6.222  (t,  1H),  4.294-4.268  (t,  2H),  3.737-3.710  (t,  2H), 
3302  (s,  3H). 

2.2.2.  l-(2-Methoxyethyl)-3-methylpyrazole  (OM3PZ) 
3-methylpyrazole  (0.15  mol),  finely  ground  potassium 

hydroxide  (0.3  mol)  and  TBAB  (0.0075  mol)  were  sonicated  with  an 
ultrasound  bath  for  15  min  in  a  250  ml  flask.  The  other  procedures 


were  identical  with  OPZ.  At  last,  the  product  was  collected  at 
58  °C— 59  °C  (boiling  point)  when  the  pressure  was  about  3  Pa. 
Colorless  liquid;  'H  NMR:  6  (ppm)  7.398-7.332  (d,  1H),  7.339-7.332 
(d,  1H),  6.003-5.981  (q,  1H),  4.218-4.178  (q,  2H),  3.745-3.694  (m, 
2H),  3.316-3.289  (d,  3H),  2.294-2.270  (d,  3H). 

2.2.3.  1  -(2-Methoxyethyl  )-2-methylpyrazolium 
bis(trifluoromethanesulfonyl)  imide  (OMPZ-TFSI) 

OPZ  (7  g,  55.5  mmol)  and  iodomethane  (8.7  g,  61.1  mmol)  were 
dissolved  in  acetonitrile  (10  ml)  in  a  250  ml  flask,  and  the  reaction 
lasted  for  48  h  in  a  sealed  conduction  at  room  temperature.  The 
produced  iodide  was  washed  with  Diethyl  ether  (3  x  30  ml),  and 
then  dried  under  high  vacuum  at  60  °C.  The  iodide  and  LiTFSI  were 
dissolved  in  deionized  water  and  mixed  for  24  h  at  ambient 
temperature.  The  crude  IL  was  dissolved  with  dichloromethane,  and 
washed  with  deionized  water  until  no  residual  halide  anions  in  the 
deionized  water  used  to  rinse  the  IL  could  be  detected  by  AgN03.  The 
dichloromethane  was  removed  by  rotating  evaporation  and  then  the 
product  was  dried  under  high  vacuum  for  more  than  24  h  at  110  °C. 
Colorless  liquid;  'H  NMR:  5  (ppm)  8.122-8.115  (d,  1H),  8.027-8.020 
(d,  1H),  6.708-6.693  (t,  1H),  4.644-4.620  (t,  2H),  4.179  (s,  3H), 
3.776-3.753  (t,  2H),  3.332  (s,  3H);  13C  NMR:  <5  (ppm)  138.253, 
138.123, 137.598, 124.657-115.090, 107.865, 107.635,  77.761,  77.443, 
77.122, 69.823, 69.590, 59.916, 58.559, 50.181, 49.924, 37.475, 37.181. 

2.2.4.  1  -(2-Methoxyethyl  )-2-ethylpyrazolium 
bis(trifluoromethanesulfonyl)  imide  (OEPZ-TFSI) 

OPZ  (7  g,  55.5  mmol)  and  iodoethane  (9.5  g,  61.1  mmol)  were 
dissolved  in  acetonitrile  (10  ml)  in  a  250  ml  flask.  The  mixture  was 
refluxed  at  60  °C  for  48  h  under  a  nitrogen  atmosphere.  The  other 
procedures  were  identical  with  OMPZ-TFSI.  Colorless  liquid;  'FI 
NMR  :  8  (ppm)  8.151-8.144  (d,  1H),  8.090-8.083  (d,  1H), 
6.737-6.723  (t,  1H),  4.641-4.617  (t,  2H),  4.550-4.496  (q,  2H), 
3.771-3.748  (t,  2H),  3.321  (s,  3H),  1.606-1.562  (t,  3H);  13C  NMR  : 
8  (ppm)  137.798, 136.270, 124.675-115.102, 108.069,  77.812, 77.489, 
77.168,  69.652,  58.901,  50.059,  45.941, 13.737. 

2.2.5.  1  -(2-Methoxyethyl  )-2,3-dimethylpyrazolium 
bis(trifluoromethanesulfonyl)  imide  (OMMPZ-TFSI) 

OM3PZ  (8  g,  57.1  mmol)  and  iodomethane  (8.91  g,  62.8  mmol)  were 
dissolved  in  acetonitrile  (10  ml)  in  a  250  ml  flask,  the  other  procedures 
were  identical  with  OMPZ-TFSI.  Colorless  liquid;  'H  NMR  :  8  (ppm) 
7.976-7.968  (d,  1H),  7.915-7.908  (d,  1H),  6.495-6.467  (q,  1H), 

4.568-4.521  (m,  2H),  4.093-3.966  (d,  3H),  3.734-3.650  (m,  2H), 

3.310-3.282  (d,  3H),  2.474  (s,  3H);  13C  NMR :  8  (ppm)  148.030, 147.610, 
137.446, 136.490, 124.681-115.104, 108.006, 107.839,  77.781,  77.462, 
77.134,  69.826,  69.524,  59.100,  58.915,  50.281,  47.405,  37.649,  33.949, 
12.121. 

2.2.6.  1  -(2-Methoxyethyl  )-2-ethyl-3-methylpyrazolium 
bis(trifluoromethanesulfonyl)  imide  (OEMPZ—TFSI) 

OM3PZ  (8  g,  57.1  mmol)  and  iodoethane  (9.8  g,  62.8  mmol)  were 
dissolved  in  acetonitrile  (10  ml)  in  a  250  ml  flask.  The  other  procedures 
were  identical  with  OEPZ-TFSI.  Colorless  liquid;  ’H  NMR  :  8  (ppm) 
8.045-8.038  (d,  1H),  7.962-7.955  (d,  1H),  6.530-6.522  (d,  1H), 

4.594-4.562  (m,  2H),  4.516-4.451  (m,  2H),  3.766-3.663  (m,  2H), 

3.327-3.285  (d,  3H),  2.514-2.503  (d,  3H),  1.590-1.399  (m,  3H);  13C 
NMR  :  8  (ppm)  148.405, 147.190, 137.098, 135.490, 124.692-115.118, 
108.454,  108.240,  77.855,  77.538,  77.184,  69.603,  59.063,  58.973, 
58.870,  58.797,  50.221, 47.297,  45.945,  44.592, 14.039, 13.799, 12.066, 
11.778. 

2.3.  Measurement 

'H  NMR  and  13C  NMR  spectra  were  recorded  on  a  Bruker  Avance 
III  400  spectrometer,  and  chloroform-d  was  used  as  the  solvent.  The 
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melting  point  was  tested  by  using  a  differential  scanning  calorimeter 
(DSC,  Perkin— Elmer  Pyris  1 )  in  the  temperature  range  from  -60  °C  to 
60  °C.  An  average  sample  weight  of  ca.  5  mg  was  sealed  in  an 
aluminum  pan  in  a  dry  chamber,  and  then  heated  and  cooled  at 
a  scan  rate  of  10  °C  min”1,  and  the  thermal  data  was  collected  during 
heating  in  the  second  heating— cooling  scan.  The  thermal  decom¬ 
position  temperature  was  analyzed  with  a  thermal  gravimetric 
analysis  (Perkin  Elmer,  7  series  thermal  analysis  system).  The  sample 
with  an  average  weight  of  ca.  5  mg  was  placed  in  a  platinum  pan  and 
heated  at  10  °C  min-1  from  ambient  temperature  to  600  °C  under 
a  nitrogen  atmosphere.  The  density  was  affirmed  by  measuring  the 
weight  of  prepared  IL  (1.0  ml)  at  25  °C. 

The  viscosities  of  the  two  ILs  and  their  electrolytes  with 
0.4  mol  kg  1  of  LiTFSI  were  investigated  by  viscometer  (DV— III 
ULTRA,  Brookfield  Engineering  Laboratories  Inc.),  and  the  conduc¬ 
tivities  were  tested  with  DDS-11A  conductivity  meter  in  a  dry 
chamber.  Electrochemical  window  was  tested  by  linear  sweep 
voltammogramms  (LSV)  with  a  scan  rate  of  10  mV  s'1  in  an  argon- 
filled  UNLAB  glove  box  ([O2]  <  1  ppm,  [H2O]  <  1  ppm).  The  working 
electrode  was  glassy  carbon  disk  (3  mm  diameter),  and  lithium 
metal  was  used  as  both  counter  and  reference  electrodes.  The 
glassy  carbon  electrode  was  polished  with  alumina  paste 
(d  =  0.1  pm),  and  washed  with  deionized  water  and  dried  under 
vacuum.  In  the  LSV  test,  the  freshly  polished  glassy  carbon  elec¬ 
trode  was  used  in  two  scans  (positive  and  negative,  respectively) 
for  one  IL,  and  the  fresh  IL  was  used  in  each  scan.  The  LSV  test  was 
performed  by  CHI660D  electrochemistry  workstation  at  room 
temperature  (25  °C).  The  stability  of  the  IL  electrolyte  with 
0.4  mol  kg'1  of  LiTFSI  against  lithium  was  investigated  by  moni¬ 
toring  the  time  evolution  of  the  impedance  response  for 
a  symmetric  Li/IL  electrolyte/Li  coin  cell  with  the  borosilicate  glass 
separator  (GF/A  from  Whatman),  and  the  impedance  responses 
were  measured  by  using  CHI660D  electrochemistry  workstation  at 
room  temperature  (100  kHz— 50  mHz;  bias  voltage  5  mV). 

The  performances  of  the  IL  electrolytes  with  0.4  mol  kg'1  of 
LiTFSI  in  lithium  battery  were  tested  with  coin  cells.  The  cathode 
was  composed  of  LiFeP04  (80  wt.%)  as  the  active  material,  acetylene 
black  (10  wt.%)  as  an  electrically  conductive  additive,  and  PVDF 
(10  wt.%)  as  a  binder  polymer.  The  PVDF  was  dissolved  in  N- 
methylpyrrolidone  (NMP)  before  used.  All  the  materials  were 
spreaded  on  aluminum  current  collector  (battery  use).  Loading  of 
active  materials  was  about  ca.  1.5-2.0  mg  cm'2  and  this  thinner 
electrode  was  used  without  pressing.  The  lithium  metal  was  used 
as  anode,  and  the  separator  was  glass  filter  made  of  borosilicate 
glass  (GF/A,  Whatman).  Dried  all  the  materials  at  110  °C  under 
vacuum  and  then  assembled  the  coin  cells  in  an  argon-filled  UNLAB 
glove  box  ([O2]  <  1  ppm,  [H20]  <  1  ppm).  The  cells  were  sealed  and 
stayed  for  24  h  at  room  temperature  before  examined  by  the  gal- 
vanostatic  charge— discharge  (C— D)  cycling  test  using  a  CT2001A 
cell  test  instrument  (LAND  Electronic  Co.  Ltd.)  at  room  temperature 
(25  °C),  and  the  current  rate  was  determined  by  using  the  nominal 
capacity  of  170  mAh  g'1  for  Li/LiFePCU  cell.  Charging  included  two 
processes:  (1 )  constant  current  at  a  rate,  cut-off  voltage  of  4.0  V;  (2) 
constant  voltage  at  4.0  V,  1  h  time,  and  discharge  had  one  process: 
constant  current  at  the  same  rate,  cut-off  voltage  of  2.0  V. 

3.  Result  and  discussion 

3.1.  Melting  point  and  thermal  stability 

The  measured  data  of  the  four  ether-functionalized  pyrazolium 
ILs,  like  melting  point,  density,  viscosity,  conductivity,  and  thermal 
decomposition  temperature  were  presented  in  Table  1. 

It  had  been  proved  that  introducing  one  short  ether  group  into 
ILs  based  on  guanidinium  cations  [19—21],  quaternary  and  cyclic 


Table  1 

Physical  and  thermal  properties  of  these  ILs. 

ILs  Mw7g  mol'1  Tmb/°C  Tdc/°C  ) ]“/  tre/mS  cm'1  d1/ g 

mP  s  cm'3 

OMPZ-TFSI  421.34  <-60  341.2  524  326  L43~ 

OEPZ-TFSI  435.37  <-60  338.3  41.2  3.31  1.31 

OMMPZ-TFSI  435.37  <-60  356.8  73.0  2.45  1.36 

OEMPZ-TFSI  449.39  <-60  344.7  68.3  2.35  1.34 


a  Molecular  weight. 
b  Melting  point. 

c  Decomposition  temperature  of  10%  weight  loss. 
d  Viscosity  at  25  °C. 
e  Conductivity  at  25  °C. 
f  Density  at  25  °C. 


quaternary  ammonium  cations  [6,22,23],  quaternary  phosphonium 
cations  [24],  and  imidazolium  cations  could  be  helpful  to  reduce 
the  lattice  energy  of  ILs  and  result  in  low  melting  point.  In  our 
previous  report,  replacing  one  alkyl  group  in  1, 2,3,5- 
tetraallkylpyrazolium  cations  with  one  ether  group,  could  also 
acquire  the  ILs  with  low  melting  point  [16].  In  this  work,  the  four 
new  ILs  did  not  show  any  phase  transition  behaviors  until  -60  °C, 
which  was  the  inferior  temperature  limit  of  our  DSC  measurement. 
So  their  melting  points  were  also  under  -60  °C,  and  they  still 
belonged  to  the  ILs  with  low  melting  point. 

The  thermal  stability  of  the  prepared  ILs  was  tested  by  TGA 
experiments.  As  shown  in  Fig.  2,  all  the  four  ILs  had  one-stage 
decomposition  behavior,  which  was  similar  with  the  l-(2- 
met/ioxyethy/)-2,3,5-trialkylpyrazolium  ILs  (2olMPZ-TFSI  and 
2olEPZ— TFSI)  [16],  In  terms  of  Table  1  and  the  published  data  [16], 
it  could  be  easily  found  that  the  thermal  decomposition  tempera¬ 
ture  increased  slightly  with  the  increasing  of  the  number  of 
substituent  group  in  the  cyclic  structure  of  pyrazolium  cation. 
Additionally,  the  thermal  stability  of  the  ILs  with  methyl  group  at 
N-2  position  was  slightly  better  than  the  homologous  ILs  with  ethyl 
group  at  N-2  position.  For  example,  the  thermal  decomposition 
temperature  increased  in  the  following  order:  OEPZ— TFSI 
(338.3  °C)  <  OEMPZ-TFSI  (344.7  °C)  <  2olEPZ-TFSI  (355.7  °C 
[16])  <  2olMPZ— TFSI  (363.2  °C  [16]). 

3.2.  Viscosities  of  the  ILs 

In  our  previous  report,  replacing  one  alkyl  group  in  1, 2,3,5- 
tetraallkylpyrazolium  cations  with  one  ether  group,  could  help  to 
reduce  the  viscosity  because  the  ether  group  was  an  electron- 
donating  group  which  could  weaken  electrostatic  interaction 
between  the  cation  and  anion  [6,16],  Besides  the  electrostatic 
interaction  between  the  cation  and  anion,  the  sizes  of  cation  and 


326 


:  al.  /  Journal  of  Power  Sources  216  (2012)  323-329 


anion  might  also  affect  the  viscosity  of  ILs.  Compared  the  data  of 
viscosity  shown  in  Table  1  with  2olMPZ— TFSI  and  2olEPZ— TFS1 
[16],  it  was  apparent  that  the  viscosities  of  the  ILs  decreased  with 
the  decreasing  of  the  number  of  substituent  group  in  the  cyclic 
structure  of  pyrazolium  cation,  for  smaller  cation  size  would  result 
in  weaker  Van  der  Waals  interaction  between  cation  and  anion  [6], 
And  it  was  interesting  that  the  viscosity  of  the  IL  with  methyl  group 
at  N-2  position  was  higher  than  the  homologous  IL  with  ethyl  group 
at  N-2  position  when  there  were  two  or  three  substituent  groups  in 
the  cyclic  structure  of  pyrazolium  cation,  but  the  viscosity  of  the 
latter  was  higher  when  there  were  four  substituent  groups  in  the 
cyclic  structure  of  pyrazolium  cation  [16],  In  the  four  new  ether- 
functionalized  ILs,  OEPZ-TFSI  had  lower  viscosity,  and  the  value 
was  41.2  mP  s  at  25  °C,  which  was  also  the  lowest  value  among  the 
pyrazolium  ILs  reported  [10,16]. 

After  adding  lithium  salts  into  the  ILs,  such  as  quaternary 
ammonium  ILs  [8,9],  imidazolium  ILs  [25,26],  and  morpholinium 
ILs  [26],  the  viscosities  increased  obviously.  The  viscosities  of 
OMPZ-TFSI  electrolyte,  OEPZ-TFSI  electrolyte,  OMMPZ-TFSI 
electrolyte  and  OEMPZ— TFSI  electrolytes  with  0.4  mol  kg-1  of 
LiTFSI  were  100.1  mP  s,  84.8  mP  s,  142.0  mP  s  and  139.8  mP  s  at 
25  °C. 

Fig.  3  showed  the  temperature  dependence  of  viscosity  (77)  for 
the  four  ILs  and  their  electrolytes  over  the  temperature  range  of 
25—80  °C,  and  the  Vogel— Tammann— Fulcher  (VTF)  plots  of 
viscosity  according  to  equation  (1)  [6]  were  shown  in  Fig.  3: 


* = %exp(^y  (i) 

where  770  (mP  s),  B  (K)  and  To  (K)  are  constants  of  Eq.  (1 ).  The  best  fit 
parameters  of  Eq.  (1)  were  calculated  and  presented  in  Table  2. 
According  to  Fig.  3  and  the  values  of  R2  in  Table  2,  the  ILs  and  IL 
electrolytes  were  well  fitted  by  the  VTF  model  over  the  temperature 
range  studied. 


Table  2 

VTF  equation  parameters  of  viscosity  for  these  ILs. 


ILs  1)0  (mPa  s)  B  (K)  T0  (K)  R2 


OMPZ-TFSI 
OEPZ-TFSI 
OMMPZ-TFSI 
OEMPZ— TFSI 
OMPZ-TFSI 
electrolyte 
OEPZ-TFSI 
electrolyte 
OMMPZ-TFSI 
electrolyte 
OEMPZ— TFSI 
electrolyte 


0.18  (±31.4%) 
0.05  (±48.0%) 
0.09  (±24.6%) 
0.05  (±38.2%) 
0.18  (±11.0%) 

0.18  (±18.1%) 
0.18  (±6.4%) 
0.17  (±4.5%) 


681  (±12.6%) 
1053  (±15.9%) 
866  (±8.3%) 
1001  (±11.8%) 
667  (±4.0%) 

665  (±6.7%) 

666  (±2.2%) 
678  (±1.5%) 


178  (±4.8%) 
141  (±9.9%) 
168  (±3.6%) 
159  (±5.8%) 
192  (±1.2%) 

191  (±2.1%) 
199  (±0.6%) 
197  (±0.4%) 


0.99971 

0.9997 

0.9999 

0.99982 

0.99997 

0.99991 


The  percentage  standard  errors  for  i)0,  B  and  T0  had  been  included,  and  R2  was  the 
VTF  fitting  parameter. 


number  of  substituent  group  in  the  cyclic  structure  of  pyrazolium 
cation.  For  example,  the  conductivities  at  25  °C  decreased  in  the 
following  order:  OMPZ-TFSI  (3.260  mS  cm"1)  >  OMMPZ-TFSI 
(2.445  mS  cm’1)  >  2olMPZ-TFSI  (2.228  mS  cm  1  [16]).  In  the 
four  new  ether-functionalized  ILs,  OEPZ-TFSI  had  higher 
conductivity  at  25  °C  (3.309  mS  cm-1). 

After  adding  lithium  salts  into  these  pyrazolium  ILs,  the 
conductivities  decreased  obviously.  The  conductivities  of 
OMPZ-TFSI  electrolyte,  OEPZ-TFSI  electrolyte,  OMMPZ-TFSI 
electrolyte  and  OEMPZ— TFSI  electrolytes  with  0.4  mol  kg-1  of 
LiTFSI  were  1.794  mS  cm-1,  2.076  mS  cm-1,  1.302  mS  cm-1  and 
1.228  mS  cm-1  at  25  °C,  which  were  still  higher  than  2olMPZ-TFSI 
electrolyte  and  2olEPZ— TFSI  electrolytes  [16]. 

The  temperature  dependence  of  conductivity  was  shown  in 
Fig.  4.  The  measured  temperature  range  was  from  25  °C  to  80  °C, 
and  the  VTF  plots  of  conductivity  for  them  according  to  Eq.  (2)  were 
shown  in  Fig.  4: 


3.3.  Conductivities  of  the  ILs 

The  low-viscosity  ILs  usually  displayed  high  ionic  conductivity. 
In  our  previous  paper,  replacing  one  alkyl  group  in  1,2,3,5-tet- 
raallkylpyrazolium  cations  with  one  ether  group,  could  also 
improve  the  conductivity  [16].  Like  the  viscosity,  the  sizes  of 
cation  and  anion  might  also  affect  the  conductivity  of  ILs. 
According  to  the  data  reported  [16]  and  shown  in  Table  1,  the 
conductivities  of  the  ILs  increased  with  the  decreasing  of  the 


=  ff°eXP(f^%)  (2) 

where  <to  (mS  cm-1),  B  (K)  and  T0  (K)  are  constants  of  Eq.  (2). 
Three  values  and  the  VTF  fitting  parameter  (R2)  for  them  were 
calculated  and  listed  in  Table  3.  The  temperature  dependence  of 
conductivity  was  also  very  well  fitted  by  the  VTF  model  over  the 
temperature  range  studied. 
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Table  3 

VTF  equation  parameters  of  conductivity  for  these  ILs. 


ILs 

OMPZ-TFSI 
OEPZ-TFSI 
OMMPZ-TFSI 
OEMPZ— TFSI 
OMPZ-TFSI 
electrolyte 
OEPZ-TFSI 
electrolyte 
OMMPZ-TFSI 
electrolyte 
OEMPZ— TFSI 


ffotmScm-1) 
266  (±1.4%) 
158  (±18.0%) 
249  (±31.8%) 
286  (±2.1%) 
324  (±2.5%) 

307  (±1.9%) 
367  (±3.4%) 
327  (±2.4%) 


B(K) 

458  (±0.8%) 
324  (±12.8%) 
439  (±18.1%) 
489  (±1.2%) 
543  (±1.3%) 

537  (±1.0%) 
579  (±1.6%) 
561  (±1.1%) 


The  percentage  standard  errors  for  <r0,  B  and  T0  had 
VTF  fitting  parameter. 


To  (K)  R2 

194  (±0.3%)  I 

213  (±3.4%)  0.99999 

204  (±5.5%)  0.99906 

196  (±0.4%)  1 

194  (±0.4%)  1 

191  (±0.3%)  1 

195  (±0.5%)  0.99999 

198  (±0.4%)  1 


included,  and  R2  was  the 


3.4.  Electrochemical  windows  of  these  ILs 


The  electrochemical  windows  were  measured  by  linear  sweep 
voltammogramms  (LSV)  using  lithium  metal  as  reference  electrode. 
As  shown  in  Fig.  5,  OMPZ-TFSI  was  electrochemically  stable  in  the 
range  from  +1.0  to  +5.5  V  vs.  Li/Li+,  which  indicated  that  its  value 
of  electrochemical  window  was  4.5  V  at  25  °C.  All  the  results  of  LSV 
measurements  for  the  four  functionalized  ILs  were  listed  in  Table  4, 
which  showed  that  the  electrochemical  window  had  no  specific 
relationship  with  the  number  of  substituent  group  in  the  cyclic 
structure  of  pyrazolium  cation.  The  electrochemical  window  of 
OEMPZ— TFSI  (4.3  V)  was  lower  in  the  four  ILs.  and  OMPZ-TFSI  had 
higher  electrochemical  window.  The  electrochemical  windows  of 
the  four  ILs  were  higher  than  4.2  V,  which  were  better  than  some 
kinds  of  ILs,  such  as  imidazolium,  sulfonium  and  guanidinium  ILs 
[19-21,27,28], 


3.5.  Chemical  stabilities  of  the  two  IL  electrolytes  against  lithium 


The  chemical  stabilities  of  the  four  IL  electrolytes  with 
0.4  mol  kg-1  of  LiTFSI  against  lithium  metal  and  the  interfacial 
characteristics  of  IL  electrolytes/lithium  metal  were  investigated  by 
electrochemical  impedance  spectra  for  symmetric  Li/IL  electrolyte/ 
Li  cells.  Fig.  6a  and  b  showed  the  time  evolution  of  the  impedance 
response  of  a  symmetrical  Li/OEPZ-TFSI  electrolyte/Li  cell.  The 
impedance  responses  consisted  of  the  electrolyte  bulk  resistance 
(Rbuik)  and  the  interfacial  resistance  (R|),  and  Rbuik  was  assigned  the 
intercept  with  real  axis  of  the  response  at  high  frequency  and  Rj  was 
associated  the  diameter  of  the  semicircle.  As  shown  in  Fig.  6.  the 
Rbuik  of  cell  with  OEPZ-TFSI  electrolyte  was  almost  unchangeable 
during  eight  days  which  was  about  13  Q,  but  its  Ri  fluctuated  at  the 
first  12  h,  and  its  Ri  retained  about  500  Q  after  some  time. 


Potential  vs.  ( Li/Li^J  /V 


Fig.  5.  Linear  sweep  voltammogramms  of  OMPZ-TFSI  at  25  °C.  Working  electrode: 
glassy  carbon,  counter  electrode:  Li,  reference  electrode:  Li,  and  scan  rate:  10  mV  s-1. 


Table  4 

Electrochemical  windows  of  these  functionalized  pyrazolium  ILs. 

ILs  Cathodic  Anodic 

limiting  limiting 

potential  potential 

V  vs.  Li/Li+  V  vs.  Li/Li+ 

OMPZ-TFSI  ±13  ±53  43 

OEPZ-TFSI  ±1.0  ±5.4  4.4 

OMMPZ-TFSI  ±0.9  ±5.3  4.4 

OEMPZ— TFSI  ±1.0  ±5.3  4.3 

Working  electrode:  glassy  carbon;  counter  electrode:  lithium  metal;  reference 
electrode:  lithium  metal;  scan  rate:  10  mV  s_1 ;  cut-off  current  density:  0.1  mA  cnr2. 


Fig.  7a  and  b  showed  the  time  dependence  of  the  interfacial 
resistance  (Ri)  of  the  Li/IL  electrolytes/Li  cells.  The  Rj  of  the 
OMPZ-TFSI  electrolyte  fluctuated  more  obviously  from  0  h  to  12  h. 
After  24  h,  the  Rj  of  the  four  electrolytes  became  relative  stable,  and 
the  stable  Rj  decreased  in  the  following  order: 
OMPZ-TFSI  >  OMMPZ-TFSI  =  OEMPZ-TFSI  >  OEPZ-TFSI.  In 
terms  of  the  cathodic  limiting  potentials  of  these  functionalized  ILs, 
their  IL  electrolytes  should  react  with  lithium  metal,  and  the 
impedance  of  the  cells  fluctuated  seriously  at  the  first  12  h,  which 
might  indicated  the  reaction  between  the  electrolytes  and  lithium 
metal.  The  impedance  became  relatively  stable  after  some  time, 
and  the  experimental  phenomena  might  indicate  a  passivation 
layer  forming  on  the  lithium  metal,  which  could  restrict  the  reac¬ 
tion  between  the  electrolyte  and  lithium  metal. 

3.6.  Battery  electrolyte  properties  of  ILs 

Fig.  8  showed  the  performances  of  Li/LiFeP04  cells  using  the  four 
electrolytes  without  additive  at  room  temperature,  and  the  cells 


Z'/Q 


z'/n 

Fig.  6.  Time  evolution  of  the  impedance  response  of  a  symmetrical  Li/0.4  mol  kg-1 
LiTFSI  in  OEPZ-TFSI/Li  cell:  (a)  from  0  h  to  12  h,  and  (b)  from  1  day  to  8  days. 
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Time/h 


3.5 

3.0 

|,= 

2.0 

1.5 

Fig.  7.  Time  dependence  of  interfacial  resistance  of  the  Li/IL  electrolytes/Li  cells:  (a) 
from  0  h  to  12  h,  and  (b)  from  24  h  to  192  h. 


b 


H#-  (Mmol  kg'1  LiTFSI  in  OMPZ-TFSI 
—ft-  0.4mol  kg'1  LiTFSI  in  OEPZ-TFSI 
—A—  0.4mol  kg'1  LiTFSI  in  OMMPZ-TFSI 
-  (Mmol  kg'1  LiTFSI  in  OEMPZ-TFSI 


24  48  72  96  120  144  168  192 

Time/h 


were  tested  under  the  current  density  of  0.1  C.  The  initial  discharge 
capacity  of  the  cells  with  OEPZ— TFS1  electrolyte  was  about 
132.2  mAh  g-1,  then  the  discharge  capacity  increased  with  the  cycle 
number  in  the  following  30  cycles  and  stabilized  at  about 
152  mAh  g  '1  until  the  50th  cycle.  For  the  other  three  electrolytes, 
they  had  similar  changing  rule  of  the  discharge  capacity  with  the 
cycle  number,  and  the  discharge  capacities  stabilized  at  about 
150  mAh  g-1.  The  discharge  capacities  for  the  four  electrolytes  were 
lower  than  the  theoretical  capacity  of  LiFeP04  (170  mAh  g-1) 


Cycle  Number 


Fig.  8.  Discharge  capacity  during  cycling  of  Li/LiFeP04  cells  using  the  IL  electrolytes. 
Charge-discharge  current  rate  was  0.1  C. 


probably  owning  to  the  high  resistance  of  SEI  film  generating  on  the 
electrode/electrolyte  interface  [6], 

The  relationships  between  the  discharge  capacities  and  the 
different  discharge  rates  for  the  four  IL  electrolytes  were  shown  in 
Fig.  9,  and  the  discharge  capacities  at  0.1  C  rate  were  the  values  after 
the  cycle  performances  of  cells  reach  stability.  It  could  be  found  that 
the  discharge  capacity  decreased  with  the  increasing  of  the 
discharge  rate  for  these  IL  electrolytes.  The  discharge  capacity  for 
the  OEPZ-TFSI  electrolyte  at  the  discharge  rate  of  1.0  C  was  about 
127.3  mAh  g-1,  which  retained  81.3%  of  the  capacity  at  the  rate  of 
0.1  C,  and  the  discharge  capacity  at  the  rate  of  2.0  C  was  about 
91.9  mAh  g-1,  which  retained  58.7%  of  the  capacity  at  the  rate  of 
0.1  C.  The  rate  properties  of  the  OMPZ— TFSI  and  OEPZ-TFSI  elec¬ 
trolytes  were  better  than  the  OMMPZ-TFSI  and  OEMPZ-TFSI 
electrolytes,  and  also  better  than  2olMPZ-TFSI  and  2olEPZ-TFSI 
electrolytes  in  our  previous  report  [16].  It  was  obvious  that  the 
lower  viscosities  of  OEPZ-TFSI  and  OMPZ— TFSI  could  be  helpful  to 
the  rate  property,  because  of  better  transport  capability  of  lithium 
ion  in  IL  electrolyte.  Certainly,  it  was  possible  that  the  rate  property 
was  also  affected  by  some  other  factors  besides  the  viscosity  of  IL, 
such  as  the  interfacial  characteristics  at  both  the  LiFeP04  cathode/ 
electrolyte  and  lithium  metal  anode/electrolyte  interfaces.  There¬ 
fore,  the  rate  property  of  the  OMPZ-TFSI  electrolyte  was  close  to 
the  OEPZ-TFSI  electrolyte,  though  the  viscosity  of  OMPZ-TFSI  was 
higher  than  OEPZ-TFSI. 

4.  Conclusions 

Four  new  ILs  based  on  pyrazolium  cations  with  one  ether  group 
and  TFSI-  anions  were  synthesized  and  characterized,  and  these  ILs 
showed  low-melting  point  and  low-viscosity  characteristics.  These 
IL  electrolytes  showed  good  chemical  stability  against  lithium 
metal  owing  to  the  formation  of  passivation  layers.  Li/LiFeP04  cells 
using  the  four  IL  electrolytes  without  additives  showed  good 
electrochemical  performance,  and  the  OMPZ-TFSI  and  OEPZ-TFSI 
electrolytes  had  better  rate  properties. 
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